Despite their best intentions, authors often omit from publications many important technical details. These omissions can lead to contradictions in the literature and inhibit researchers' abilities to duplicate published results. Here, we explore "hidden" parameters that are usually not reported, either because they are unknown (e.g., impurity levels) or because they are considered to be of little importance. Specifically we focus on the effects-and how to reduce the effects-of growth parameters in nearby layers (diffusion), impurities (oxygen), and the cool-down atmosphere (hydrogen passivation).
INTRODUCTION
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two-terminal, two-junction solar cells have achieved world-record efficiencies and have been put into production at both Tecstar (Applied Solar Energy Corporation) and Spectrolab. The immediate market for these devices is in space, but terrestrial concentrator companies also have interest. Although these devices have achieved near-theoretical efficiencies, and have been studied by a significant number of groups [l- 71 much remains to be understood about the Ga~51n0.5P top cell. In general, uniform results have been obtained, but some reports are contradictory. For example, growth of p-on-n cells with AIO&IO.~P windows has yielded a range of results. Wojtczuk et al. r/] reported *currently at NIST, Boulder, CO that the A10.51n0.5P caused a poor contact, resulting in a low (34%) fill factor for the device, whereas Sharps et al. [2] and van Geelen et al. [6] reported fill factors of 87% and 85%, respectively. van Geelen found that thick Alo.5lno.5P windows were necessary 161 for passivation, but most groups [2, 7] report successfully using very thin (30-nm) layers. Careful reading of these studies fails to clarify why sometimes the problem is with fill factor and sometimes with blue response (poor passivation of the front surface.) Our early studies of AI-containing backsurface-fields in n-on-p cells were unsuccessful, but later studies [4] showed that AI-containing back-surface fields cm improve the cell. This study attempts to explain some of these contradictions and gives examples of how device results depend on factors that are unknown, uncontrolled, or unreported. Specifically, we focus on dopant diffusion, oxygen contamination, and hydrogen passivation.
EXPERIMENTAL METHOD
The samples were grown by atmospheric-pressure (620-torr) organometallic chemical vapor deposition in a vertical-flow, quartz reactor using trimethylgallium, trimethylindium, trimethylaluminum, arsine, and phosphine in 6 slm palladium-purified hydrogen carrier gas. In-line arsine and phosphine purifiers were used. Diethylzinc in a bubbler at -33"C, 700 ppm hydrogen selenide in H2, 100 ppm disilane in N2, and carbon tetrachloride at -13OC were used as dopants. The cell growth conditions are described in Tables 1 and 2 . We used GaAs substrates Table 1 . Growth steps used for n-on-p cells. The first 4 steps simulate steps used in the tandem cell. The Set Temp. is misoriented by 2 O to the (1 10) from (1 00), doped with Si or Zn, and prepared by etching in 2:l :I 0 aqueous ammonia: hydrogen peroxide: water. The contact resistances through the A10.51n0.5P window and the emitter sheet resistances were measured using a transmission line and a current-crowding model. The quantum-eff iciency (QE) curves were measured at 0 V bias using a monochromator-based system. The samples had no antireflection coatings. The grids and back contacts were electroplated gold.
Diffusion during growth and cool down can have significant effects on a device. Here, we show (see Table   3 ) how the emitter sheet resistance (and, sometimes, the blue response) may depend on the doping or group V flows used for the window and cap layers for Ga0.5 In0.5 P cells. If no diffusion occurs, the emitter sheet resistance should be independent of the window and cap growth; but Table 3 shows that the emitter sheet resistance does vary.
When Si doping or no doping was used in the window, the emitter sheet resistance was 230-270 Wsq. However, when the window was doped with Se, the emitter sheet resistance was reduced. It is unclear from the data presented here why the emitter sheet resistance first Table 3 . Emitter sheet resistance measured for a 0.1-pm thick Ga0.5 In 0.5 P emitter doped using 0.8 sccm 700 ppm hydrogen selenide and 1.5% phosphine at 70OOC. The last line gives the electron con. 'for a'thick calibration layer. reasonably well understood [9, 11] . Positively charged point defects like Ga interstitials form more readily in ptype material, and negatively charged group 111 vacancies dominate in n-type material. Diffusion of Ga interstitials causes movement of Zn atoms by the kick-out mechanism: a Ga interstitial near a Zn atom moves onto the group Ill lattice site, "kicking out" the Zn into an interstitial position. The Zn can then move quickly through the lattice.
In contrast, our understanding of the diffusion of multiple dopant types and point defects in multi-layered heterostructures is not complete. Several recent studies [12,13] shed some light on the problem, but do not necessarily explain all of the diffusion anomalies that we and others have observed. In general, studies of diffusion in complex systems strongly suggest that internal electric fields have a significant effect on the rate and direction of dopant diffusion. There is growing evidence that Fermilevel pinning during growth causes non-equilibrium point defect concentrations [I 0,12,13] when subsequent growth covers the surface layer. Specifically, during growth of the n-type cap, bulk data show that the dominate point defects are Ga vacancies. However, when the Fermi level is pinned at the surface during growth, more Ga is incorporated, giving the lower Ga vacancy concentration appropriate for the pinned Fermi level. When this surface layer is covered, the Fermi level relaxes back to its n-type position, causing a deficiency of Ga vacancies and excess of Ga interstitials. The excess interstitials move out of the n-type region and are trapped in near-by p-type regions where they are stable in their positively charged state. The excess interstitials in the p-type layer cause Zn diffusion. The Se diffusion is more directly related to group V point defect movement. Both of these are dependent on group V overpressure and we observe that increasing the group V flow in the n-type layers reduces the diffusion of both Zn and Se.
Thus, dopant diffusion can be reduced by increasing the group V flows during the cap growth or by reducing the doping levels. Other more obvious ways to reduce dopant diffusion include shorter growth times (faster growth rates), lower growth temperature, replacing group II (Zn) and VI (Se) dopants with slower-moving group IV (C or Si) dopants, and using diffusion barriers.
EFFECTS OF IMPURITIES
Oxygen-containing impurities degrade any Alcontaining layers. The structures studied here contained an Al0.5 In05 P window, causing the blue response and contact resistance through the At05 In 0.5 P window to be sensitive to oxygen contamination. We have observed that the purity of the trimethylindium is most likely to be problematic, but that oxygen can come from anywhere. We recently found a phosphine cylinder that was so dirty it saturated the phosphine purifier. Fig. 2 shows how the unpurified, dirty phosphine (#1) cylinder degraded the blue response of a Gao.5In0.5P cell with a Si-doped AI05 In0.5P window. An unpurified, "clean" (<0.5 ppm l+O) cylinder of phosphine (#2) caused no or very little degradation. We believe that phosphine #1 was added to the system and maintained at 3°C. A flow of 0.1 sccm through this bubbler would be expected to add the same amount of water as 10 ppm water in the phosphine.
(Other experiments indicated that the transport of the water was not well controlled, and the 10 ppm number is approximate.) Fig. 2 shows the large degradation in blue response, similar to, but greater than, what was observed when the dirty phosphine was used.
If adequate Si or Se dopant was added to the window and phosphine #2 was used, the purifier had negligible effect; but if the doping was lowered, degradation was observed (see Fig. 3 ). Samples grown with no dopant flow for the window layer still have doped windows since the dopant diffuses in from the cap, as shown above. Previously, we had reported [8] that the blue response was improved by the use of a purifier if Se doping was used, but that a cell with a Si-doped window was unaffected by iri. Om7 n0. 5P cells with and without the purifier for Sedoped and undoped (two duplicate samples) Alo.5ln0.5P windows, using phosphine #2. Photon energy (eV) Fig. 4 . QE of p-on-n Gao.5lno.=jP cells with Zn-doped windows using phosphine #2. The Zn flows used for the window layers were varied by a factor of 4 for the highand Iow-doping conditions. The high-Zn samples had 0.1-pm-thick emitters; the rest were 0.17 pm thick.
use of the purifier. From Figs. 2 and 3 , we see that the identity of the dopant in the window is less important than the net free-carrier concentration. Figure 4 shows that the blue responses of p-on-n cells with highly doped windows are also insensitive to use of the purifier. However, when the doping was reduced, some degradation was observed. When no dopant flow was used, the blue response was seriously degraded (more so than for the n-on-p case), even when high-purity phosphine was used. The blue response of p-on-n devices with undoped windows is clearly the most sensitive to oxygen, reducing the QE even near the band edge. Thus, although the blue responses of the p-on-n and n-on-p cells are affected in qualitatively similar ways by impurities, the effect of the window doping is stronger for the p-on-n case. The sensitivity of the p-on-n blue response is further complica~ed by the d~f~i c~l t y of obtaining high hole concentrations in Zn-doped Gq.51n0.5P and Al0.5lnQ.5P-Impurities also degrade the contact resistance through the Alo.5lno.5P window, as summar~~@d in Table  4 . The resistances for the p-on-n structures are about 1000 times greater than those for the n-on-p structures. The effect of the impurities on the contact resistance is comparable to the rep~oducibiiity of measurement for the n-on-p cells, whereas for p-on-n cells, the increase is large and potentially problematic, especially for concentrator cells. The high contact resistance is more likely to reduce the efficiency of a device than the reduced blue response, consistent with the results of Wojtczuk et al. p].
Al-containing back-surface fields (BSFs) in n-on-p devices are also especially susceptible to oxygen. Our earlier report that AlGalnP was not a good became suspect when we discovered that the purifier on that system had contaminated the phosphine line, causing degradation of the blue response, and apparently the back passivation as well.
We find that a Zn-doped Alo.5lno.sP benchmark is the best way to monitor the oxygen level. The comparable ntype benchmark is not sensitive enough. The Zn-doping is chosen to be somewhat less than what is used in the device, and the material is checked with an aqueoussemiconductor junction. Samples with semiconductor-like behavior (diode-like, light current-voltage (14) curves) are considered good, whereas samples that appear resistive in the light are bad (see Fig. 5 ).
EFFECTS OF CQQL-E
We observed that p-on-n Ga~.5tn0,5P cells exhibited lower emitter doping than we would have predicted from calibration runs. The literature contains numerous reports 11 6-20] of hydrogen passivation of zinc-doped Ill-V materials. Hydrogen can be incorporated either during growth or during the cool down. During cool down, arsine decomposes, providing an atomic hydrogen source. Phosphine also releases some hydrogen, but a much smaller amount. The hydrogen diffuses rapidly through a p-type GaAs cap, but is blocked by n-type GaAs. The hydrogen attaches by breaking the Zn-P bond, passivating the zinc, and reducing the hole concentration.
To test the sensitivity of the p-n Ga0.51n0.5P cell to the cool-down atmosphere, we compared two devices grown and processed identically, except that one was cooled in hydrogen and the other was cooled in 0.9 torr of arsine in hydrogen. The arsine was switched off at 170°C for the second sample, whereas the first had no group V overpressure from the time the growth was terminated and the heat was switched off at 65OOC. The cool-down atmosphere had a dramatic effect on the contact resistance through the A10.51n0.5P window. Fig. 6 shows the I-V curves for the two devices. The conditions for the arsine cool down were taken from a private communication with Wojtczuk, describing the arsine flow and switch-off temperature used in their report of nonohmic conduction through the Al0.51n0.5P m. They used a growth temperature of 725OC, 75O higher than used here. The fill factor they observed was 34%, lower than the 70% reported here. Wojtczuk et al. did not vary the cool-down atmosphere, so we cannot determine whether hydrogen passivation was the sole cause or only a part of their low fill factor. Their A10.51n0.5P was nominally doped to 1017/cm3. The A10.51n0.5P used in Fig. 6 , but grown as a 1-pm-thick layer, had a hole concentration of 5 X 10i6/cm3. The cool down for the l-pm-thick layer is much less important because of the larger volume of the layer and because the calibration layer was grown on a p-type substrate that allows the hydrogen to move on into the substrate rather than being trapped in the emitter by the ntype base. The loss in fill factor is primarily a result of the increased contact resistance through the A10.51n0.5P window; but the emitter sheet resistance was also increased by a factor of 3 for the sample cooled in arsine, contributing to the decrease in fill factor. The contact resistance measured with the transmission line overestimates the fill-factor reduction, because the transmission line measures the average resistance for forward and reverse conduction (which, in this case, is was 2%. The arsine cool down was designed after that used by Wojtczuk et al. [7] .
larger than the resistance observed in Fig. 6 .)
The QEs of the devices described in Fig. 6 are shown in Fig. 7 . Although the short-circuit currents for these devices were identical, the QE curves show that the sample cooled in hydrogen has a better blue response (consistent with the doping dependence of the blue response shown in Fig. 4 ), but a lower red response. This result was reproduced on another similar set of samples.
We do not have enough data to explain the change in red response. 
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GENERAL DISCUSSION
In addition to the three hidden parameters explored here, there are a large number of other subtle effects that are often unknown or unreported. Examples of these include the geometry of the reactor, memory effects, growth interrupts or lack of growth interrupts, and substrate/susceptor preparation. We once found that water cooling of the reactor walls increased the dopant memory effects to the point where we couldn't grow a tunnel junction. Growth interrupts have the potential for changing the surface depending on the gases flowing and the material exposed; yet omission of growth interrupts can cause even worse effects if flows for the layer have not yet stabilized, causing growth of a mismatched or inappropriately doped layer. Cleaning or lack of cleaning of the susceptor can cause contamination from the cleaning solutions or from particulate generated by a used susceptor. Particulate from anywhere in the system tends to cause problems with Gao.5ln0.5P growth, frequently causing shorted devices.
CONCLUSIONS
We have shown that dopant diffusion, oxygen incorporation, and hydrogen passivation can all affect Ga0.51n0.5P devices. Dopant diffusion can be reduced by lowering the doping levels, increasing the group V flows in the n-type layers, using group IV dopants, decreasing the growth time or temperature, and using diffusion barriers. The sensitivity of Alo.5lno.5P windows to oxygen can be reduced by increasing the doping level of the Alo,sln0.5P window. P-type A10.51n0.5P is especially sensitive to oxygen, implying that it is the best benchmark and that the p-on-n cell is more sensitive to oxygen than the n-on-p cell. The failure of a p-on-n cell with oxygen contamination may be as much or more from an increased resistance through the window as from a poor blue response.
Hydrogen passivation during cool down under arsine can cause similar problems even when oxygen levels are very low, but can be avoided by cooling in hydrogen. Because of all of the changes that can occur during device growth and cool down, we conclude that it is useful to characterize the layers grown in the device rather than or in addition to using separate calibration runs. Furthermore, efforts should be made to report more details of the device growth and processing.
